Objective: The aim of this study is to evaluate the objective outcomes of conventional total aortic arch repair (CTAR) and hybrid arch repair by using propensityscore matching to reduce selection bias.
Perspective
Matching analysis revealed a significantly greater incidence of postoperative stroke but equivalent midterm outcomes in the hybrid arch repair group compared with the conventional arch repair group. In a high-risk population, hybrid approaches have the potential to be alternatives to a conventional approach. Further development, however, is required for hybrid repair to become a superior option.
See Editorial Commentary page 107.
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Conventional surgical total aortic arch repair (CTAR) with the use of antegrade cerebral perfusion under moderate hypothermia is an established procedure with excellent 5-year survival reported to be 70% to 90%. [1] [2] [3] [4] [5] [6] CTAR, however, is not necessarily an optimal strategy, especially for high-risk patients, considering the invasiveness of surgery. Therefore, hybrid aortic arch repair (HAR) with thoracic endovascular aortic repair (TEVAR) has been introduced in the last decade for patients with comorbidities and frailties. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The safety of hybrid TEVAR securing enough proximal landing zone and requiring supra-aortic rerouting bypass is still, however, controversial. We previously reported satisfactory midterm outcomes of CTAR (7-year survival ¼ 90.1%), compared with HAR with TEVAR, but the preoperative patient background in that report was significantly different because hybrid approaches had been used for high-risk patients. 17 Patient background makes it difficult to evaluate the veritable superiority in outcomes, and there are still limited studies regarding riskadjusted comparison between conventional and hybrid approaches. 18, 19 The aim of this study is to evaluate the objective outcomes of CTAR and HAR by the use of propensity-score matching to reduce selection bias.
PATIENTS AND METHODS
Between January 2006 and April 2016, 470 consecutive patients underwent isolated aortic arch repair (excluding hemiarch or partial arch reconstruction, and cases with concomitant cardiac surgeries) at the Sakakibara Heart Institute of Okayama in Japan. In the present study, 75 patients with staged and scheduled TEVAR after reconstruction of arch vessels with elephant trunk for extended lesion were excluded, because this procedure is a useful option for extended lesion but controversial as a hybrid option. Of those remaining, CTAR with antegrade cerebral perfusion under moderate hypothermia was performed for 337 patients and debranching with TEVAR (including 1, 2, and total rerouting) in 58 patients, including 4 patients with chimney technique for zone 0. The patients with an isolated lesion at the descending aorta were not included in the group. Patients who underwent debranching with TEVAR and chimney technique were categorized as HAR group to aortic arch lesion.
In our institute, conventional open repair basically was considered as the first choice. We also selected the respective hybrid approaches for high-risk patients, based on the patient frailty, anatomically broad lesion, and aortic shagginess. This study is a retrospective risk-adjusted comparison of early and midterm clinical outcomes between CTAR and respective hybrid approaches with propensity-score matching. The project was approved by the institutional review board of the Sakakibara Heart Institute of Okayama, on April 1, 2016. Since it has been reported previously, the respective surgical technique is summarized here briefly. 17 Conventional TAR (n ¼ 337)
After systemic cooling to a bladder temperature of 25 C on cardiopulmonary bypass by the use of unilateral femoral artery perfusion and bicaval drainages, antegrade cerebral perfusion was established by inserting [14] [15] [16] [17] [18] Fr balloon catheters into the 3 aortic arch vessels under circulatory arrest. The brachiocephalic artery was clamped to perfuse the right-sided hemisphere in case the right axillary artery also was chosen for arterial cannulation. The aortic arch was transected at the level distal to the aneurysmal end and reconstructed with the use of either the stepwise technique or direct distal anastomosis. 5 Finally, antegrade systemic perfusion through the rim of the graft was resumed, and 3 cerebral vessels and proximal aorta were reconstructed step-by-step (Video 1).
Debranching With TEVAR (n ¼ 54)
For the single debranching technique, a left carotid-left axillary artery bypass with an 8-mm polytetrafluoroethylene (PTFE) graft was performed for zone 2 proximal landing (n ¼ 23), and the double debranching technique, composed of the right axillary-left common carotid and the left axillary bypass with an 8-mm PTFE T-shape graft, was performed for zone 1 proximal landing (n ¼ 17). The left subclavian artery was embolized routinely for the prevention of persistent type II endoleak after debranching TEVAR. For the total debranching technique, type I hybrid arch repair, which was reported previously by Bavaria and colleagues, 10 was adopted (n ¼ 14). With regard to device selection, Zenith TX2 (Cook Inc, Bloomington, Ind), Gore TAG or Conformable TAG (W. L. Gore and Associates, Flagstaff, Ariz), and Relay Plus (Bolton Medical Inc, Sunrise, Fla) were used in 12, 26, 15, and 1 patients, respectively.
Endovascular Chimney Technique (n ¼ 4)
In the patients requiring zone 0 landing, single-stent chimney technique was performed, considering the risk of sternotomy. After a right carotid-left carotid artery bypass with a 7-mm PTFE graft, a chimney graft was deployed in the innominate artery and TEVAR was performed through the femoral artery. The left subclavian artery was embolized routinely for the prevention of persistent type II endoleak and revascularized to the left carotid artery.
Statistical Analysis
Continuous data are presented as mean AE standard deviation and were analyzed by the use of 2-tailed t-tests or compared with a Mann-Whitney U test for independent data, as appropriate. Categorical variables are given as a count and percentage of patients and compared using the c 2 or Fisher exact test. The survival rate between groups was compared with the Kaplan-Meier model and log-rank test. A P value of < .05 was considered significant. All data were analyzed with the Statistical Analysis Systems software JMP 12.0 (SAS Institute Inc, Cary, NC). We also performed propensity-score matching using a 1:1 nearest-available matching algorithm with a AE 0.1 caliper and no VIDEO 1. Initial-stage arch repair at the proximal site of aneurysm lesion as another option. During systemic cooling under cardiopulmonary bypass using the unilateral femoral (18 Fr) and right axillary arteries (12 Fr), and bicaval cannulations, the neck vessels were taped. Then, Gelweave Siena 4 branch Plexus graft (Vascutek, Inchinnan, Scotland, UK) was trimmed with a 7-cm elephant trunk, and radiopaque marker was placed at the distal edge of the graft. The ascending aorta was clamped, and antegrade cardioplegia was administered. After systemic cooling was achieved to bladder temperature of 25 C, the brachiocephalic artery was clamped to perfuse the rightsided hemisphere, and antegrade cerebral perfusion was established by inserting 14-18 Fr balloon catheters under circulatory arrest. The aortic arch was transected at the proximal end of the aneurysm and reconstructed using elephant trunk anastomosis placed between the left carotid and left subclavian artery. Then, resuming antegrade systemic perfusion through the rim of the graft, proximal anastomosis was performed and myocardial perfusion resumed. The cerebral vessels were reconstructed step-by-step. replacement for adjustment of significantly different patient characteristics. The analysis yielded 43 (CTAR vs HAR) propensity-score matched observations. The propensity score was obtained by the use of a multivariate logistic regression model with hybrid approaches as the variables and the 15 baseline characteristics (age, sex, hypertension, dyslipidemia, diabetes mellitus, chronic obstructive pulmonary disease, hemodialysis, peripheral vascular disease, cerebrovascular accident, atherosclerotic change in the aorta, history of previous sternotomy, emergent operation, aortic dissection, ruptured aorta, left ventricular ejection fraction) as covariates based on previous reports. The matching model achieved a good discriminatory power (C-statistic ¼ 0.792) (Figure 1) . We compared standardized differences for all covariates between prematch imbalance and postmatch balance. We compared intraoperative and postoperative data using McNemar or conditional logistic regression analysis for categorical variables and paired t test for continuous variables.
RESULTS

Unmatched Comparisons of Patient Demographics
The overall mean patient age was 70.6 AE 11.5 (34-92) years, and the percentage of female patients was 30.9% (122/395). Included were 161 emergency cases (40.8%). Unmatched comparison between the CTAR and HAR groups revealed a significantly older age of patients (70.1 AE 11.6 years vs 73.6 AE 11.0 years; P ¼ .0294) and a significantly greater percentage of patients with chronic obstructive pulmonary disease and history of previous sternotomy (6 Table 1 .
Matched Comparisons of Patient Demographics
By propensity-score analysis, 43 (CTAR vs HAR) matching pairs were obtained (Table 2 ). Significant imbalance of preoperative characteristics was adjusted well as shown in Figure 2 .
Unmatched and Matched Comparisons of Postoperative Data
The overall 30-day, in-hospital mortality, and operative mortality (30-day, in-hospital and treatment related mortality) were 5.8% (23/395), 7.6% (30/395), and 8.9% (35/ Table 3 .
Unmatched and Matched Comparisons of Midterm Outcomes
The average follow-up period was 3.4 AE 2.6 years (max 10.1 years) in the CTAR group and 1.7 AE 1.7 years in the HAR group (max 6.0 years). Follow-up was completed for 98.2% of patients. In the hybrid groups, reintervention was required in 6 patients. In contrast, there was no patient with reintervention in the CTAR group. Additional TEVAR was performed for a patient with type Ia endoleak. Open repair was required in a patient with new aortic dissection and 3 patients with abnormality of debranched grafts. Coil embolization was performed in a patient with type II Figure E2 ). Between the matching pairs, 5-year survival rate of the CTAR and HAR groups was 80.5% and 59.9%, respectively, and there was no significant difference in the survival rate by log-rank test (P ¼ .1300) (Figure 3, A) . In contrast, 5-year and 10-year freedom from aorta-related death was 93.8% and 89.8%, in the CTAR group, and the 5-year freedom from aorta-related death of the HAR group was 91.8%. There was no significant difference by log-rank test (P ¼ .9262) ( Figure E3 ). The matching model also showed no significant differences in freedom from aorta-related death using the log-rank test between the CTAR and HAR group: 5-year freedom from aorta-related death was 86.9% in the CTAR group and 90.2% in the HAR group (P ¼ .8047) (Figure 3, B) .
DISCUSSION
The endovascular technique produced a recognizable change in the strategy of the treatment for aortic pathologies; however, the objective efficiencies of hybrid approaches with TEVAR for aortic arch lesion have not been demonstrated. Therefore, they are still not agreed-on approaches even for high-risk patients. In the present study, matched analysis revealed no significant difference in 30-day mortality between the CTAR and HAR groups. Although the matched comparison showed that the incidence rate of permanent stroke was still significantly greater in the HAR group, in-hospital and operative deaths occurred equivalently in the adjusted CTAR and HAR pairs. In addition, matched analysis compensated for the significantly lower midterm survival rate of the HAR group, and the debranching technique had no adverse impacts on freedom from fatal aortic events. However, more meticulous approaches to prevent neurological events should be sought for better outcomes of hybrid approaches with TEVAR.
Several studies reviewed the outcomes of various approaches to aortic arch pathologies, including hybrid repair. Regarding the comparative studies, hybrid TEVAR had been performed in high-risk patients, and efficiencies reported. [20] [21] [22] Benedetto and colleagues, 23 however, reported a meta-analysis showing no significant improvement of operative mortality but increased incidence of stroke in patients with hybrid arch repair. Considering the different circumstances of patients, it is difficult to evaluate the real benefits of hybrid technique. Recent publications have been consistently reporting risk-adjusted comparative studies to reduce the influence of different preoperative statuses. Iba and colleagues, 18 using 35 matched pairs, reported that hybrid arch repair led to significantly shorter intensive care unit and hospital stay but more frequent reintervention. In Tokuda and colleagues, 19 38 matched pairs yielded no significant differences in early results and significantly lower midterm survival and freedom from aortic event were shown in patients with hybrid approaches. These matched studies did not show better outcomes of hybrid approaches compared with the conventional approach.
By Preventza and colleages, 24 matched comparison between zone 0 hybrid and open arch repair (25 pairs) revealed more neurologic events in the hybrid group but equivalent 4.5 years survival rate. The results are similar to the present study. 24 Melissano and colleagues 25 reported that embolism more than hemodynamic hypoperfusion seems to play a major role in the cause of stroke during TE-VAR involving aortic arch. The rigid wires and stiff endograft delivery system are thought to be potential for embolization during intervention in diseased aorta. A bare-metal proximal anchoring system is a different risk of stroke after deployment. 9, 25 In our institute, satisfactory outcomes, including permanent stroke incidence and operative mortality in the HAR group, were not achieved between 2006 and 2013, the earlier period (20.0% [6/30] and 30.0% [9/30] , respectively). The survival rate of hybrid approaches improved after the introduction of the manual compression of carotid arteries during deployment of the device, the temporary balloon occlusion technique at the time of coil embolization to the left subclavian artery, and careful patient selection as appropriate for hybrid approaches in view of patient frailty and aortic shagginess. Particularly, the indication of proximal landing was determined cautiously, considering the risk of stroke. At the later phase, permanent stroke incidence and operative mortality in the HAR group decreased to 7.1% [2/28] and 14.3% [4/28] , respectively. Consequently, patient background and learning curve led to improved outcomes of hybrid approaches. Reintervention, however, frequently is required in hybrid TEVAR. Hybrid approaches are developed to be an alternative to conventional open repair but still are not a more advantageous option, especially for high-risk patients.
Study Limitations
There were several limitations in this study. First, this study was not a prospective randomized analysis. Therefore, hybrid approaches generally were selected for a certain reason. The selection bias may not be adjusted by propensity-matching, even though the selection of surgical procedure could not be decided randomly and prospectively, when the best approach was sought for each patient. Second, outcomes of an excluded population who had extremely high-risk backgrounds to undergo either conventional and hybrid arch repair were not evaluated. In addition, different indications of hybrid approaches (different ranges and pathologies of aortic lesions) may have influenced on outcomes, although the distal arch lesion could be repaired by both of the CTAR technique and hybrid TE-VAR. The range of aortic lesion may be different in some cases between the CTAR and HAR groups; therefore, the difference may influence the outcomes. Lastly, the change of indication of hybrid approaches and learning curve could lead to difficulty in evaluating results.
CONCLUSIONS
Propensity-score matching analysis revealed significantly greater incidences of postoperative stroke in patients with HAR but equivalent midterm outcomes of hybrid approaches compared with CTAR. In a high-risk population, hybrid approaches have the potential to be alternatives to a conventional approach. Further development, however, will be required for hybrid repair to become a superior option. The optimal strategy, including hybrid approaches, should be sought in accordance with the diverse background of each and every patient. FIGURE E3. Unmatched comparison of freedom from aorta-related death. There was no significant difference between CTAR and the hybrid approach. CTAR, Conventional surgical total aortic arch repair; HAR, hybrid aortic arch repair.
